The 1.688 g/cm 3 class of Drosophila satellite ONA is predominantly localized to the centromeric heterochromatin of the X chromosome. We report here the existence of 1.688 satellite related (SR) DNA arrays present at numerous locations throughout the euchromatic portion of the X. Unlike their heterochromatic counterparts, euchromatic SRs consist of a small number of repeating units (usually 2-4), each of which is 63-81% identical to the 359 -bp monomer of the 1.688 satellite. Although it appears that SR DNA arrays are not transcribed, in at least two cases, they are located adjacent to transcriptlonally active genes. SR sequences also have significant similarity to a previously described Drosophila middle repeat found almost exclusively in the X euchromatin. It seems likely that these X linked sequences are required for sex chromosome specific functions.
INTRODUCTION
A large number of studies have documented the structure and organization of a class of reiterated sequences known as satellite DNA (see references 1 and 2 for recent reviews). Satellites are composed of tandem repeats whose unit structure has been described as simple (2-10 basepairs, bp) or complex (100-700 bp). While the functions of these repeated DNAs have not been rigorously defined, it has been hypothesized that some may confer a particular higher order chromatin structure or be required for chromosome pairing and meiotic recombination.
Four distinct satellite DNAs are known to exist in the Drosophila melanogaster genome (1) . Among these is a complex class known as the 1.688 g/cm 3 satellite, so named for its buoyant density, that comprises about 4% of the Drosophila genome. It consists principally of tandem repeats of a 359 bp sequence that is reiterated on the order of 10 4 times (3). Although there is some length variation of the repeating monomeric unit (there are 353 bp and 254 bp variants that possess internal deletions of the canonical 359 bp structure), most of the sequence differences within arrays of this satellite are single base substitutions (3, 4) . The 1.688 g/cm 3 class of satellite DNA is predominantly localized to the centromeric heterochromatin of the Drosophila X chromosome. During unrelated studies of two different Xlinked loci, however, we have discovered that 1.688 satellite related (SR) DNA sequences are present in the euchromatic portion of the genome as well. In previous studies of white gene variegation, euchromatic DNA segments that hybridize with 1.688 satellite sequences were identified in a region distal to the white gene (5). More recently, two SR DNA arrays were discovered near the miniature-dusky {m-dy) locus in region 10E1-2. Similar to the centric 1.688 arrays, the repeating monomer within the euchromatic DNA segments is approximately 359 bp. However, unlike the heterochromatic satellite, SRs consist of short tandem clusters of only 2 to 4 repeating units. While they are not themselves transcribed, in at at least two cases, they are located immediately adjacent to transcriptionally active genes (6) . We also note that the SR sequences described here are related to a previously reported Drosophila middle repetitive element which is also dispersed along the X (7).
EXPERIMENTAL PROCEDURES

Isolation of Phage Clones
Overlapping phage clones containing genomic inserts from the 10E1-2 region were isolated from a 1 Charon 4Ay'Drosophila library (8) and mapped with restriction endonucleases (9) . The 1 phage clones from the 3C region were previously described (5) . One of these, clone M5O5, encompasses a 1.5 kb segment that hybridizes to the 1.688 heterochromatin satellite sequence.
Chromosome In Situ Hybridization
In situ hybridizations to salivary gland polytene chromosomes were performed according to published procedures (9) to confirm the cytogenetic location of the isolated phage clones as well as to identify the multiple sites to which a 3C SAR sequence hybridized.
DNA Sequence Analysis
DNA sequences were determined using standard methods (10) (11) and Sequenase (USB). Genomic fragments were subcloned into the pBluescript plasmid vector or M13 mp9 for DNA sequencing studies. Sequence comparisons were performed using the programs of The Genetics Computer Group (12) implemented on a VAX 11/750 with a VMS 5.3 operating system. Figure 1 depicts the organization of the SR DNAs present in regions 3C and 10E. Within region 3C, at approximately -24 kb on the molecular map of the white locus, there exists a 1.4 kb genomic segment that has previously been shown to hybridize to 1.688 satellite sequences (5) . We refer to this particular 1.688 SR segment as 1688-3C to denote both its homology to satellite sequences and its location at cytogenetic position 3C on the polytene chromosome map ( Figure 1A ). This genomic segment contains a tandem array of three sequence blocks, each of which has significant similarity to the 359 bp repeating unit present in 1.688 satellite. Two of the 3C repeats are full length, whereas the third is shorter than a satellite monomer. The entire 1688-3C cluster of repeats is flanked at each end by a direct repeat of the tetranucleotide, GCAT. Target site duplications of this sort are frequently associated with transposon insertion, and their presence here suggests this as the means by which SR DNA sequences may be mobilized.
RESULTS
Organization of the Euchromatic SR DNA Segments
A portion of the m-dy region within 10E is shown in Figure IB . Two divergently oriented SR arrays, 1688-10E d (distal) and 1688-10EP (proximal), are present and separated by about 24 kb of intervening DNA. The distal cluster is composed of two SR monomeric units, one complete and one incomplete, while the proximal array contains three complete units and one partial repeat. As in region 3C, the basic repeating unit is slightly longer than 350 bp, similar to the repeating unit of centromeric satellite. The distal or proximal 10E SR arrays also appear to be flanked by tetranucleotide (AATT) or trinucleotide (AAT) direct sequence repeats, respectively. A curious feature of all of the euchromatic SR sequences is a periodicity of £coRI restriction sites within the repeating units. Five of the six repeats at 10E and two of the three copies at 3C contain EcoSl sites.
Finally, it should be noted that none of the SR arrays appears to be transcribed. However, RNAase protection and Northern blot analyses indicate that both 1688-10E d and 1688-10EP are situated within 1 kb of transcribed genomic intervals (6 and data not shown).
Sequence Relatedness of SR DNAs
Each of the three SR clusters has been completely sequenced. The monomers within each cluster are 85 -98 % identical to one another, and 70-80% identical to monomers from other SR clusters or the 1.688 heterochromatic satellite. Searches of the Genbank and EMBL databases with SR euchromatic repeats from the 1688-3C and 1688-10E d clusters yielded several highly significant matches, all of which were members of the 1.688 heterochromatic satellite DNA family. We also discovered that the SR repeats have significant sequence similarity to a Drosophila middle repetitive DNA previously described by Waring and Pollack (7) . As expected, the Waring-Pollack elements also have substantial similarity to the the 1.688 satellite itself, although this has heretofore gone unnoticed. Thus, we now refer to the War ing-Pollack middle repeat in region 11EF as SR 1688-11EF. Bestfit analysis (12) of the 1.688 satellite, and SR monomers 1688-lOEe and 1688-3Cb demonstrate, for example, that they are 68%, 73% and 68% identical, respectively, to 1688-11EF. Furthermore, the 1688-11EF SRs also possess the periodic £coRI sites that are so characteristic of the other SR sequences described above.
SR Sequences Are Present in Many Regions of the Euchromatin
In situ hybridization to salivary gland polytene chromosomes with a probe representing the 1688-3C array demonstrates that similar sequences are present in several different regions of the X chromosome ( Figure 2 ). Conspicuous hybridization is detected at bands in regions 3C, 5A, 8A-F and 9E-10B of the X chromosome and to region 35C of the second chromosome. Importantly, this probe does not hybridize to 10E nor to 11EF, regions in which other SR sequences are known to reside (7, and this paper). That is, the three SR subfamilies at 3C, 10E and 11EF are almost entirely nonoverlapping. It is also noteworthy that the centromere, at which the heterochromatic 1.688 satellite sequences resides, is devoid of hybridization signal when 1688-3C is used as a probe. This is expected since SR sequences in different cytogenetic locations are, at best, only 80% identical to the centric satellite and to one another. The conditions for chromosome hybridization are sufficiently stringent to prevent stable duplex formation when this extent of mismatch occurs. Hence, SR sequences may represent an extended family of repetitive elements related to the 1.688 heterochromatic satellite that are dispersed throughout X chromosome euchromatin.
DISCUSSION
We have described a family of satellite-related DNA repeats whose distribution is largely restricted to the X chromosome. Although this genomic distribution is intriguing, the function of these sequences remains speculative. With regard to possible functions for SR sequences, it is of interest that in at least one euchromatic region (10E), an SR array is located within 500 bp of a transcribed interval. The sequences might, therefore, bind proteins that are capable of influencing gene regulatory functions. Analogous to true satellite DNAs that are known to be associated in vivo with proteins (13, 14) , perhaps the SR arrays serve as recognition sites for sequence specific DNA binding proteins. Such proteins might, for example, locally influence chromatin structure, thereby inhibiting or activating genes in the vicinity.
Such a regulatory function could be related to the process of X chromosome gene dosage compensation (15) . Recent studies (16) , for example, have strongly indicated that dosage compensation of at least some X linked genes is effected by changes in local chromosome environment (i.e., chromatin conformation), rather than being brought about by closely linked gene-regulatory sequences. In this regard, it is intriguing that one gene, mle, which has been implicated in dosage compensation, encodes a putative DNA helicase that binds to many euchromatic sites along the X chromosome (17) .
Alternatively, SR arrays may function in a structural, rather than regulatory, capacity. An interesting prospect in this regard involves the process of X chromosome inactivation that occurs during spermatogenesis in male heterogametic organisms including Drosophila (18) . This 'precocious X inactivation' appears to be required during spermatogenesis for male fertility. It has been previously noted that the radiation induced euchromatic breakpoints of three white mottled mutations flank the 1688-3C array (5) . This observation suggested that in the spermatocyte, the X chromosome is folded so that the centric heterochromatin and the white region are ectopically paired through their shared satellite related homology (5) . It is conceivable this ectopic association actually reflects the ability of SR domains to facilitate a concerted folding of the X, thereby organizing its ultimate inactivation in the spermatocyte.
